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GENERAL INTRODUCTION 
In purely physical or mechanical systems, a stress or 
force induces a strain. Similarly, from a physiological 
standpoint, an environmental stress induces a strain on an 
organism that must be compensated for or tolerated. A 
tremendous amount of literature has been published 
addressing physiological compensation or tolerance for 
different environmental stresses (for review see Prosser, 
1991), but little if any work has addressed physiological 
performance of an organism's nervous system in vivo. 
This study will focus on the effects of a variety of 
environmental stresses on selected neural elements of the 
rapid escape behavior in two freshwater oligochaetes, 
Lumbriculus varieaatus and Branchiura sowerbvi. These 
freshwater oligochaetes were chosen because they are broadly 
distributed geographically, can live under a wide range of 
environmental extremes, and have important ecological roles 
in sediment/benthic ecosystems. Nevertheless, they have 
been generally neglected in terms of characterizing their 
physiological responses to environmental stresses. This is 
probably because of their relatively small size and the 
difficulty in obtaining physiological measures from specific 
organ systems. Oligochaetes offer unique advantages with 
respect to assessing nervous system function, as the 
activity of selected neural elements of the rapid escape 
2 
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behavior can be recorded using non-invasive techniques 
(Drewes, 1984). 
The rapid escape behavior is characterized by the rapid 
withdrawal of either the head or the tail in response to 
abrupt onset of a threatening stimulus, such as vibration or 
touch. Execution of escape behavior requires the sequential 
activation of touch-sensory neurons, spike initiation and 
through-conduction along a multi-segmental giant 
interneuronal pathway (i.e., giant nerve fiber), activation 
of segmental motor neurons, and excitation of longitudinal 
muscle fibers. Impairment in the function of, or coupling 
between, any of these neural elements as a consequence of a 
changing environment could reduce the effectiveness of 
touch-evoked rapid escape behavior and may be a general 
indicator of altered nervous system function. 
Each of the five chapters in this thesis addresses the 
effect of an environmental stress on touch-evoked rapid 
escape reflexes in aquatic oligochaetes- Chapter one will 
assess the lethal limits of dissolved cadmium and will 
relate these limits to sublethal pre-treatment with cadmium. 
Chapter two will assess the effect of acute and prolonged 
exposure to anoxia on escape reflex function. Chapter three 
will assess the lethal limits and sublethal effects of pH 
and amiaonia/ammonium exposure. Chapter four will assess the 
effect of temperature, both acute and prolonged exposure, on 
3 
escape reflex function. Chapter five will assess the effect 
of repeated tactile stimulation on escape behavior and, 
although it represents a sensory cue more than a stress, it 
is included because repeated tactile stimulation routinely 
occurs within the worm's environment. These particular 
stresses were chosen because of their relevance to the 
freshwater environment and worm's survival within that 
environment. 
The specific effects (strains) to be examined are the 
changes in the physiological performance of selected 
components of the escape reflex including: touch 
sensitivity, giant fiber conduction velocity, and giant 
fiber-mediated muscle electrical potentials. Touch 
sensitivity is a measure of the physiological integrity of 
the touch receptors and their synaptic connections with the 
giant fibers. Giant fiber excitability and conduction 
velocity are measures of the physiological integrity of the 
giant fiber pathway along the ventral nerve cord. Lastly, 
the ability to generate a giant fiber-mediated muscle 
potential is an indicator of the physiological integrity of 
giant fiber-mediated efferent pathways, including both 
giant-to-motor and neuromuscular synaptic connections. 
Taken together, these measures will allow assessment of 
nervous system performance at a variety of internal sites 
and under a variety of external conditions. 
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CHAPTER I: EFFECT OF CADMIUM ON RAPID ESCAPE 
PERFORMANCE 
Introduction 
Cadmium (Cd) is a common environmental contaminant in 
both terrestrial soils and aquatic sediments- Oligochaetes 
are often important constituents within these two 
environments and may represent the most numerous 
macroinvertebrates (Wetzel, 1983). Therefore, determination 
of tolerance limits and possible sublethal physiological 
effects in oligochaetes are important issues in 
understanding the environmental toxicology of Cd. 
Previous studies have shown that several terrestrial 
earthworm species accumulate Cd (as well as Pb and Zn) 
during exposure to metal-contaminated soils near mining 
sites (Morgan & Morris, 1982; Morgan 1985). A similar 
pattern of metal accumulation was present in earthworms 
exposed to metal-contaminated soils in controlled lab 
treatment (Malecki et al., 1982; Neuhauser et al., 1984). 
In general, the amount of accumulated metal is proportional 
to its bioavailability in the soil, which in turn depends 
upon the following abiotic considerations: (i) decreased pH 
can increase the solubility of a metal thereby increasing 
its availability (Ma et al., 1983); (ii) increased amounts 
of organic matter can decrease the amount of metal 
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available; (iii) increased cation exchange capacity of the 
soil can decrease the amount of metal available; and (iv) 
increased metal solubility and concentration increases 
availability (Malecki at al., 1982; Neuhauser et al., 1984). 
In the case of Cd bioavailability, the most critical 
considerations are soil pH (Ma et al., 1983) and metal 
solubility (Malecki et al., 1982; Neuhauser et al., 1984); 
in aquatic environments, an additional consideration is 
water hardness (Wetzel, 1983). 
Accumulated Cd may be localized within a specific target 
organ such as the posterior alimentary canal, as shown in 
two earthworm species, Dendrodrilus rubidus and Lumbricus 
rubellus (Morgan et al., 1989). Within this target tissue 
Cd is predominantly associated with metallothionine-like 
(MT-like) metal binding proteins (Suzuki et al., 1980; 
Ireland, 1983; Morgan et ai., 1989). X-ray microanalysis 
has shown that Cd is specifically localized to oval-shaped, 
sulfur-rich, subcellular structures (termed cadmosomes) that 
are interspersed within the cytoplasm of the chloragocyte 
cells lining the outer surface of the posterior alimentary 
canal of Dendrodrilus rubidus and Lumbricus rubellus (Morgan 
& Morris, 1982). 
While the studies above analyzed Cd accumulation and 
localization, they did not address the potential for 
sublethal physiological effects of Cd on any specific organ 
6 
systems. However, several other studies have shown adverse 
effects of Cd on growth rate, cocoon production (Gestal et 
al., 1988; Gestal et al•, 1991, Hartenstein et al., 1981; 
Malecki et al., 1982; Neuhauser et al. 1984; Spurgeon et 
al., 1994), and sperm production (Cikutovic et al., 1993) in 
several earthworm species. 
By comparison, less is known about the sublethal effects 
of Cd in the aquatic oligochaetes. In one study, by Rogge 
and Drewes (1993), short-term sublethal Cd treatment (0.5 
ppm for 1 h) reversibly reduced touch sensitivity of the 
rapid escape reflex in a freshwater oligochaete, Lumbriculus 
varieaatus. In another study, sublethal Cd treatment (at a 
concentration equal to 41% of 48 h LC50 value) resulted in 
degeneration of digestive epithelium, chloragogen cells 
lining the outer surface of the gut, and phagocytic 
amoebocytes in the coelomic fluid of a marine oligochaete, 
Monopvlephorus cuticulatus (Thompson et al., 1982). An 
increase in concentration of metal-binding proteins 
associated with sublethal Cd treatment was also 
characterized. 
Increased concentrations of metal-binding protein(s) 
(MBP) have been directly correlated with increased Cd 
tolerance (decreased Cd toxicity) to subsequent Cd exposure 
in many organisms (Hamer, 1986). In theory, populations 
could acquire tolerance by non-transmissible mechanisms 
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(e.g. physiological acclimation) or transmissible mechanisms 
(e.g. selection of resistant genotypes) (Klerks and Weis, 
1987). In a reproducing population of the freshwater 
tubificid, Limnodrilus hoffmeisteri. previous exposure to Cd 
led to reduced toxicity following subsequent Cd treatment 
(Klerks and Levington, 1989). In their study, Klerks and 
Levington established that reduced toxicity was a result of 
transmissible mechanisms. 
While the study above stressed importance of genetic 
determinants of Cd tolerance in oligochaete populations, the 
potential for physiological acclimation in individual worms 
has not been adequately evaluated during sublethal Cd 
exposure. In this study we examine how acute Cd toxicity in 
a freshwater oligochaete, Lumbricuius varieaatus is affected 
by: (i) pre-treatment with Cd (at various treatment 
concentrations and durations); (ii) pretreatment with other 
metals, such as Zn and Hg; and (iii) delay time between pre­
treatment and subsequent acute Cd treatment. The following 
were used as indicators and end-points of altered Cd 
toxicity: (a) modification in touch sensitivity of giant 
fibers that mediate rapid escape reflexes; (b) change in 
lethality to acute Cd treatment; (c) induction and 
accumulation of metal-binding proteins; and (d) 
transformation in chloragogocyte morphology. 
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L. varieaat.us has a number of advantages for such study; 
(a) its reproduction is rapid and large numbers of organisms 
are continually available; (b) non-invasive, 
electrophysiological recording of giant nerve fiber spikes 
is possible; (c) the world-wide distribution of this species 
makes generalizations about Cd toxicity potentially 
applicable to many freshwater ecosystems. 
Methods 
L. varieaatus were obtained from asexually reproducing 
laboratory colonies. Colonies were maintained in aerated 
aquaria, kept at 21-23 °C, and paper towel was used as the 
substratum. Colonies were fed trout chow several times a 
week. 
Prior to Cd treatment and testing, worms were isolated 
for 24 h in individual containers of double distilled water 
(dd H2O) to allow for clearance of gut contents. Worms were 
visually scanned for uniformity in segmental size and 
pigmentation. Any that showed signs of recent regeneration 
(i.e. discontinuities in pigmentation) or any morphological 
defects were not used. Acceptable worms were randomly 
assigned to experimental groups. 
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Characterization of Touch Sensitivity 
Individual worms were rinsed in dd H2O and placed, along 
with a few drops of dd H2O, on a printed circuit board 
recording grid (Drewes, 1984; Zoran and Drewes, 1987; Rogge 
and Drewes, 1993). The worm was allowed to crawl along the 
edge of a Plexiglass bar placed perpendicular to the grid 
electrodes. Once the worm was in the proper orientation, 
all-or-none lateral giant nerve fiber (LGF) spikes were 
evoked by mechanosensory stimulation of the worm's tail (see 
below). Recordings were obtained from two pairs of 
electrodes connected to the differential inputs of a 
recording preamplifier (lOOx amplification). Touch-evoked 
giant fiber spikes were then digitized and displayed on a 
storage oscilloscope. This arrangement also allowed non­
invasive extracellular recordings of giant fiber spikes 
evoked directly by electrical stimulation through the worm's 
ventral body wall via two selected electrodes (5 V; 0.1 ms 
duration; Grass SD9 rectangular pulse generator). Direct 
electrical stimulation was required when Cd treatment caused 
touch hyposensitivity and giant fiber spikes could not be 
reliably evoked by tactile stimuli (Rogge and Drewes, 1993). 
Quantitation of Cd effects on touch sensitivity was 
possible by a technical innovation that enabled delivery of 
standardized mechanosensory stimuli to worms. The stimulus 
probe consisted of the beveled end of an insect pin shaft (1 
10 
mm D) that protruded through a hole drilled in the circuit 
board. Prior to stimulation, the tip of the probe was flush 
with the surface of the circuit board. The probe was 
rigidly attached to the non-conductive diaphragm of a 4" 
speaker. An abrupt upward displacement of the probe (200 
fim) was initiated by driving the speaker with a square pulse 
output from a rectangular pulse stimulator (pulse duration = 
0.2 ms). Thus, manually initiated, single-stimulus outputs 
from the stimulator resulted in standard touch stimuli 
delivered to the ventral surface of the worm. Standard 
touch stimuli were highly effective, evoking at least one 
LGF spike in 100% of stimuli applied to worms' tails prior 
to Cd treatment. 
Sublethal effects of Cd treatment on touch sensitivity 
were tested using the following protocols. Ten worms were 
randomly assigned to each of three groups: a control group, 
and two treatment groups. The control group was exposed to 
dd H2O (no Cd) for 30 min. One experimental group was 
exposed to a "pulse" of Cd (pulse = 1 ppm CdCl2 ^2® 
for 30 min). The other group was pre-treated with 0.01 ppm 
CdCl2, in dd H2O, for 7 days prior to treatment the same Cd 
pulse. In the latter group, two changes of pre-treatment 
solution were made during the seven day pre-treatment. All 
three groups were electrophysiologically tested prior to any 
Cd treatment- When worms were in the proper orientation on 
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the recording grid, ten standard stimuli were applied to 
each worm's tail during a testing series that lasted about 
5-10 min. After pre-treatment testing, worms in each group 
were again tested at the following times: 0 min, 30 min, 60 
min, and 7 h after treatment. In all cases, each worm was 
rinsed in dd H2O prior to placement on the grid and 
retesting. Between periods of retesting worms were kept in 
individual containers of dd H2O. 
Lethality 
LC50 values for worms receiving a 30 min Cd pulse were 
determined by assessing survival 48 h after the pulse. One 
group of these worms received seven day Cd pre-treatment and 
the other received no pre-treatment. Worms receiving no 
pre-treatment were individually exposed to eight different 
CdCl2 pulse concentrations ranging from 0.1-1.0 ppm (nominal 
concentration; 10 worms per concentration; static 
conditions; 30 min exposure). The number of surviving worms 
for each concentration was determined. Signs of morbidity 
were clear-cut (i.e. no movement and rapid onset of body 
wall disintegration). 
Worms receiving Cd pre-treatment were placed in 0.01 ppm 
CdCl2 (dissolved in dd H2O) for 7 days. Two changes of the 
solution were made during this period. Subsequent 30 min 
treatment was made with one of nine CdCl2 concentrations. 
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ranging from 1-30 ppm (10 worms/concentration; static). All 
worms were washed in dd H2O prior to any subsequent 
treatment. The number of surviving worms was determined 48 
h after the final treatment. All LC50 calculations were 
made using a computer program based on the Trimmed Spearman-
Karber method (Hamilton et al., 1977). 
Effect of Pre-treatment With Other Metals on Cd Toxicity 
Lethality of Cd was examined following pre-treatment 
with other metals: zinc chloride (ZnCl2) or mercury chloride 
(HgCl2)- Nominal pre-treatment concentrations, durations, 
and other procedures were identical to those for CdCl2 (0.01 
ZnCl2 or HgCl2 ppm; 30 min; Table 1.1). 
Effect of Pre-treatment Duration on Subsequent Cd Toxicity 
The effect of pre-treatment duration on toxicity to a 
subsequent pulse was determined by pre-treating worms with 
0.01 ppm CdCl2 for varying times: 1 day, 2 days, and 7 days 
(10 worms/treatment group). All worms were washed with dd 
H2O prior to the 30 min Cd pulse. The number of surviving 
worms was determined 7 days after the pulse (Table 1.1). 
Persistence of Cd Pre-treatment Effects 
The persistence of pre-treatment effects was determined 
by postponing the Cd pulse until 7 or 14 days after pre-
Table 1.1 Diagram of experimental protocols. 
Purpose Metal Pre-treatment Delay CdCl2 Pulse Indicators 
metal duration 
(days) 
conc 
(ppm) (days) 
conc 
(ppm) 
duration 
(min) 
Effect of Cd 
pre-treatment 
on Cd toxicity Cdclj 7 0. 01 0 
1.0 
II 
30 
II 
electrophysio­
logical, [MBP), 
lethality, 
morphological 
Effect of pre-
treatment with 
other metals on 
Cd toxicity 
Zncl2 
HgCl2 
u 
II 
II 
11 
II 
II 
II 
fi 
U 
II 
lethality 
Effect of pre-
treatment durntion 
on subsequent Cd 
toxicity 
CdCl2 
CdCl2 
CdCl2 
1 
2 
7 
It 
(1 
II 
II 
II 
II 
(1 
(1 
II 
n 
II 
lethality, 
[HDPJ 
Persistence of 
Cd pre-trentment 
of fGets 
CdCl2 
CdCl2 
7 M 
II 
7 II 
n 
n lethality 
W 
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treatment. Worms were pre-treated with 0.01 ppm CdCl2 ^ 
days (10 worms/group) and two changes of the pre-treatment 
solution were made during that time. Worms were then rinsed 
and maintained in dd H2O for either 7 or 14 days prior to 
the Cd "pulse." The number of surviving worms was 
determined 7 days after the pulse (Table 1.1). 
Metal Binding Protein fs') 
Induction of MBP by Cd pre-treatment was examined in a 
control and three experimental groups (40 worms/group). A 
control group (not pre-treated with CdCl2 prior to 
homogenization) established the baseline MBP concentration. 
One experimental group was pre-treated with 0.01 ppm CdCl2, 
in dd H2O, for 24 h prior to homogenization. Another was 
exposed for 48 h and the last for 7 days. Two changes of 
solution were made during the 7 days before homogenization. 
All worms were pre-treated in individual containers; worms 
in the same group were pooled after pre-treatment for 
homogenization in 0.1 M Tris buffer, pH 8.6 (1 ml buffer/g 
wet wt of tissue). The procedures that follow are similar 
to those orginally developed by Shaikh and Lucis (1971) for 
the isolation of MBP in rats and later used for a variety of 
invertebrates (Hamer, 1986) including oligochaetes (Suzuki 
et al. , 1980). The homogenate was filtered through Miracle 
Cloth, centrifuged at 8500 rpm for 30 min, and 0.15 ml of 
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the supernatant was added to a Sephadex G-75 column (1.5 by 
8 cm). Homogenizing buffer was run through the column and 3 
ml fractions were collected and analyzed for protein content 
at 254 nm on a Beckman Spectrophotometer. Fractions 3-8 
were pooled and lyopholized. The residue was then re-
hydrated in 1 ml of 0.01 M Tris buffer (pH 8.6) and a 0.15 
ml sample was removed. This sample was applied to a DEAE-
cellulose column (1.5 to 8 cm). Ten ml of 0.1 M Tris buffer 
(pH 8-6) were run through the column followed by the 
application of a 0.5 M NaCl step. After the salt step was 
applied, fractions 1-10 (3 ml fractions) were collected and 
analyzed for protein content at 254 nm. Fractions 5, 6, and 
7 were chosen for further analysis due to their high 
relative absorbance. The fractions were then individually 
scanned from 330 to 230 nm at several pH values (2, 7, and 
11) to verify the presence of the metal binding protein(s) 
in those fractions. All treatment procedures were repeated 
five times. 
Histology 
Comparisons of gut morphology in control worms and pre-
treated worms (7 day pre-treatment with 0.01 ppm CdCl2) were 
made by obtaining representative mid-body segments from each 
group. Worms were transversely severed into three equal 
fragments. Midbody fragments from each group were fixed in 
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2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4. 
After fixation, tissues were post-fixed in osmium, 
dehydrated, and embedded in a mixture of Araldite and Epon 
resin. Serial sections (1 /im thickness) were stained with 
Paragon stain and analyzed at 40X for any observable changes 
in gut morphology due to Cd treatment. 
Results 
Characterization of Touch Sensitivity 
Touch sensitivity in the control group was maintained at 
a highly reliable level at all test times; LGF spikes were 
evoked in response to 100% of standard stimuli (Fig. 1.1). 
In contrast, worms receiving the Cd pulse, but no Cd pre-
treatment, were completely insensitive immediately after the 
pulse; no LGF spikes were evoked in response to any standard 
stimuli. Then, at 30 min and 60 min after the pulse, some 
recovery of touch sensitivity was evident; approximately 70% 
of stimuli evoked LGF spikes. However, by 7 h worms were 
again completely insensitive to stimuli (Fig. 1.1). 
In the Cd pre-treated group (0.01 ppm CdCl2), worms were 
also hyposensitive immediately after the Cd pulse, although 
not as insensitive as those receiving no pre-treatment (t-
test; p < 0.001). However, by 30 min, 60 min and 7 h after 
the pulse, touch sensitivity had returned to pre-treatment 
levels (Fig. 1.1). 
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Fig. 1.1 The effect of Cd pre-treatment on touch sensitivity 
in L. variegatus (mean ± SEM; n = 10). 
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Lethality 
The LC50 for CdCl2 was 0.42 ppm (95% CI: 0.37-0.47 ppm) 
for worms not pre-treated with Cd. In contrast, the LC50 in 
the pre-treated group was 23.82 ppm (95% CI: 12.81-44.29 
ppm). Behavioral symptoms were indistinguishable in all 
groups (pretreated and not pretreated) immediately after 30 
min Cd treatment; worms were ataxic and exhibited no 
spontaneous movements. In all groups, normal movements were 
evident within 6 h after treatment for Cd concentrations in 
which survival was greater than 40%. In worms that 
ultimately died, ataxia was again evident after 12-24 h and 
disintegration (beginning at the tail end) occurred within 
24-48 h. At even higher treatment concentrations (i.e. less 
than 40% survival), surviving worms were ataxic for at least 
6 h before recovering, while worms that ultimately died 
never recovered from ataxia and disintegration occurred 
within about 12 h. 
Effect of Pre-treatment Concentration on Cd Toxicity 
A standard, 7 day pre-treatment with 0.01 ppm CdCl2 was 
initially chosen because this treatment was clearly 
sublethal yet highly effective in altering Cd lethality to a 
later pulse. However, effects of lower pretreatment 
concentrations were also examined. For example, all ten 
worms pre-treated with 0.001 ppm CdCl2 (nominal), a value 
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equal to 0.2 % of the LCgg/ survived subsequent treatment 
with the standard Cd pulse, indicatinq a clear-cut reduction 
in Cd lethality due to pre-treatment. By comparison without 
pre-treatment, the Cd pulse was 100% lethal. 
Effect of Pre-treatment With Other Metals on Cd Toxicitv 
A seven-day pre-treatment with either 0.01 ppm ZnCl2 or 
HqCl2 (i.e., same concentration as CdCl2 pre-treatment) 
substantially reduced lethality to the Cd pulse. In fact, 
all worms receivinq such pre-treatment survived the 
subsequent Cd pulse. Thus, survival of Cd pulse treatment 
in worms pre-treated with Zn or Hq was similar to worms pre-
treated with Cd. 
Effect of Pre-treatment Duration on Subsequent Cd Toxicity 
All worms receivinq the standard 7 day Cd pre-treatment 
survived the subsequent Cd pulse while all those not pre-
treated died. Identical survival was observed after only 48 
h pre-treatment with 0,01 ppm CdCl2. However, survival 
after 24 h pre-treatment was not as robust, with only 80% of 
worms survivinq the Cd pulse. 
Persistence of Cd Pre-treatment Effects 
Postponinq the Cd pulse for 7 days after pre-treatment 
(0.01 ppm CdC12) did not seem to affect subsequent survival 
20 
following the Cd pulse; all worms receiving such pre-
treatment survived the pulse. However, postponing the pulse 
until 14 days after pre-treatment did affect subsequent 
survival; only 80% of these pre-treated worms survived the 
pulse. 
Metal Binding Proteins 
There was a greater relative absorbance (MBP content) in 
Cd pre-treated groups than in the control group (Fig. 1.2). 
For example, after 24 h Cd pre-treatment, absorbance was 
statistically different than the control absorbance (t-test; 
p < 0.001). Furthermore, after a 48 h Cd pre-treatment, 
relative absorbance was statistically different than 
absorbance at either 0 or 24 h (t-test; p < 0.001). 
However, relative absorbance after 7 day pre-treatment was 
not statistically different than that after 48 h pre-
treatment (t-test; p > 0.2). Although the actual protein 
concentration was not determined in the present study, 
relative absorbance values generally reflect (within limits) 
protein concentration (Robyt and White, 1987). Thus, it 
appears that for this particular pre-treatment regimen MBP 
content was maximal after 48 h pre-treatment. 
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Fig- 1.2 The effect of Cd pre-treatment duration on the 
relative absorbance of MBP in L. varieaatus (mean ± 
SEM; n = 5 groups of worms). 
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Histology 
The morphology of chloragogen cells in Cd pre-treated 
worms was different than in worms receiving no pre-treatment 
(Fig. 1.3). In each of several thousand serial sections 
chloragogen cells in pre-treated worms always appeared 
larger than in those without pre-treatment. Also, 
chloragogen cytoplasm of pre-treated worms was much more 
intensely stained than worms without pre-treatment. 
Although not quantified, the number of chloragogen cells in 
pre-treated worms (as viewed in cross-section) appeared 
smaller than in worms receiving no pre-treatment. No other 
histological differences were noted between the two groups. 
Discussion 
This study provides new information about the induction 
of MBP and the potential relationship of this phenomenon to 
metal toxicity and neural function in oligochaetes. MBP is 
readily induced by Cd pre-treatment (Fig. 1.2). Induction 
occurs at concentrations as lov? as 0.001 ppm (420 times 
lower than the LC^q for worms receiving no pre-treatment). 
This suggests that the MBP induction process is very 
sensitive to environmental Cd. Results from other organisms 
(Hamer, 1986) indicate that other metals (e.g., Zn and Hg) 
are also effective in inducing MBP synthesis. This could 
explain the protective effects of Zn/Hg pre-treatment in the 
Fig. 1.3 a) The chloragogen cell layer (indicated by arrow) 
in a midbody cross-section of a control worm. 
V = vascular layer; IL = intestinal lumen. 
Bar = 10 fim. 
b) Chloragogen cell layer in Cd pre-treated worm. 
Note the numerous dark inclusions in the 
chloragogen cells. Bar = 10 nm. 
c) Low power cross-section of a Cd pre-treated 
worm. Arrow indicates approximate position of 
sections in panels A and B. Bar = 20 ^m. 
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present study, although MBP levels were not examined under 
these conditions. 
What are the associations between MBP induction and 
changes in lethality? Changes in the relative absorbance of 
MBP associated with the duration of pre-treatment (0, 24 h, 
48 h, and 7 day; Fig. 1.2) were closely related to changes 
in the lethality of the Cd pulse due to pre-treatment (0, 24 
h, 48 h, and 7 day pre-treatment). The greater relative 
absorbance of MBP in the 24 h, 48 h, or 7 day pre-treatment 
groups, as compared to control (Fig. 1.2; t-test; p < 
0.001), coincided with a significant reduction in the 
lethality of the Cd pulse due to a 24 h, 48 h, or 7 day pre-
treatment. After a 24 h pre-treatment, 80% of worms 
survived the pulse, while survival was 100% in worms pre-
treated for 48 h or 7 days. Corresponding increments in 
relative absorbance were seen in these groups. The 
implication is that the increased presence of MBP attenuates 
the effects of Cd pulse presumably by binding free Cd. 
The lack of a significant difference between the 
relative absorbances for the 48 h and 7 day pre-treatments 
probably indicates that maximum induction is reached within 
48 h, at least for this specific Cd pre-treatment regimen. 
The time course for the induction of MBP in L. variegates is 
similar to the time course for metallothionein (a MBP) 
induction in fruit flies and mice. In both, maximum 
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metallothionein induction occurred within 24 to 48 h after 
exposure to Cd (Hamer, 1986). 
The decrease in lethality associated with Cd pre-
treatment persisted for at least 14 days. While the 
relative absorbance of MBP at this time was not determined, 
it is reasonable to assume (based on the decreased 
lethality) that the MBP content was still greater than in 
control worms. Interestingly, the persistence of the pre-
treatment effects for 14 days corresponds to nearly the 
entire lifespan for asexually reproducing L. varieaatus. 
Phipps et al. (1993) report a population doubling rate (by 
fragmentation) of 10-14 days under controlled culture 
conditions (20 °C; paper towel substratum; fed three times 
per week; 16:8 h light:dark photoperiod). It is unknown 
whether the benefits of pre-treatment are conferred to 
regenerating fragments. 
What are the associations between MBP induction and 
changes in touch sensitivity? Rogge and Drewes (1993) first 
demonstrated neurophysiological effects of sublethal Cd 
treatment in L. varieaatus. They showed that after 
treatment with sublethal concentrations of CdCl2 (0.5 ppm 
for 1 h) worms were reversibly touch hyposensitive. The 
present study provides a new protocol for guantitating the 
effects of Cd, or any toxicant, on touch sensitivity in L. 
varieaatus. Worms that did not receive a Cd pre-treatment 
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were insensitive to touch immediately after exposure to the 
Cd pulse. After 3 0 min there was a partial recovery of 
touch sensitivity, followed by a recurrence of touch 
insensitivity after 7 h (Fig. 1.1). Immediately after the 
pulse, worms pre-treated with Cd (0.01 ppm CdCl2 for 7 days) 
were touch hyposensitive but, unlike worms that received no 
pretreatment, they were not completely insensitive. Touch 
sensitivity in the pre-treated worms recovered to control 
level (that is, one or more LGF spikes evoked in response to 
100% of stimuli) by 30 min after the pulse (Fig. 1.1). The 
reduction in touch sensitivity associated with Cd pulse 
treatment suggests that Cd may directly affect sensory 
pathways, presumably at some site(s) within the peripheral 
nervous system. If so, then the attenuation of these 
effects, after MBP induction, implies that MBP protection 
somehow extends to the sensory pathway. 
Based on our results, we provide the following 
speculations about the route(s) of Cd entry and nature of 
its internal interactions with sensory neurons. Exposure to 
Cd leads to its entry across the skin (and/or gut 
epithelium). Once inside, unbound Cd could interact, 
possibly by non-specific, reversible binding, with 
mechanoreceptors in the skin. This interaction could 
potentially interfere with mechanoreceptor function 
resulting in touch hyposensitivity. The effects of Cd on 
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the mechanoreceptors are presumably alleviated by Cd binding 
to MBP. 
Cd pre-treatment increases the concentration of MBP 
present. Provided that MBP induction is systemic (i.e., MBP 
concentration increases throughout the worm's body) rather 
than within a specific region, the likelihood of Cd 
interacting with a MBP is increased. Therefore, in the pre-
treated worms recovery of touch sensitivity and the 
reduction of the lethality of the Cd pulse could be 
attributed to the increased likelihood of Cd-MBP 
interaction. 
Questions about sites of MBP induction and synthesis, as 
well as MBP turnover rates, and distribution patterns remain 
unanswered. In the present study, we noted histological 
differences in chloragogen cells of pre-treated worms as 
compared to those not pre-treated. While this is not 
sufficient evidence to indicate that Cd-MBP interactions are 
localized to the chloragogen cells, it does indicate that 
these cells somehow responded to the Cd pre-treatment. 
In conclusion, we have described modifications of Cd 
toxicity, associated with sublethal Cd pre-treatment in L. 
varieaatus. and related these to the induction of MBP. The 
relatively rapid MBP accumulation (within 24 h) and its 
persistence (greater than two weeks) have potentially 
important consequences to the survival of worms following 
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subsequent Cd exposure. Induction of MBP could serve as a 
sensitive, non-specific preparatory mechanism for 
withstanding subsequent exposure(s) to Cd, or perhaps other 
metals. Under these conditions, we would expect increased 
likelihood that worms could maintain normal behavioral 
activities, including effective escape from predators. 
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CHAPTER II: EFFECT OF ANOXIA ON RAPID ESCAPE 
PERFORMANCE 
Introducti on 
Sediment-dwelling oligochaetes frequently encounter 
prolonged periods of anoxic conditions within freshwater 
environments. (Wetzel, 1983; Schottler and Bennet, 1991). 
To withstand these conditions anaerobic pathways must be 
utilized because aerobic metabolic pathways no longer 
function. Schottler and Bennet (1991) define this as 
"environmentally dependent anaerobiosis" since it occurs 
only when the organism's environment becomes anoxic. 
The effects of anoxia on metabolic rates and function of 
anaerobic pathways have been studied in the freshwater 
oligochaete, Lumbriculus varieaatus. Exposure to anoxia 
decreased metabolic rate (40-80% less heat production), 
defecation, and feeding (Gnaiger, 1980; Gnaiger and 
Staudigl, 1987). Following exposure to anoxia, malate 
production in L. varieaatus increased (Putzer et al., 1984; 
Schottler and Bennet, 1991), indicating a switch to an 
anaerobic pathway. 
The induction of these biochemical and behavioral 
changes raise questions as to effects of anoxia on the 
physiological performance of specific organ systems, such as 
the nervous system. L. varieaatus provides an opportunity 
to study such effects on specific neural elements of the 
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worm's rapid escape reflexes in vivo. Rapid escape involves 
the withdrawal of either the head or the tail in response to 
abrupt onset of touch, vibration, or shadow stimuli (Drewes, 
1984; Drewes and Fourtner, 1989). Normal performance of 
these reflexes requires maintenance of all of the following 
functions: sensitivity of sensory neurons in the skin, 
central integration of sensory inputs, spike conduction by 
giant interneurons along the worm's central nervous system, 
and initiation of appropriate motor neuronal outputs and 
muscle excitation. Current methods permit in vivo 
assessment, either directly or indirectly, of most of these 
functions (Zoran and Drewes, 1987; Rogge and Drewes, 1993). 
Alterations in any of these may be indicative of general 
effects of anoxia on nervous system performance. Such 
effects could also compromise worms' normal behavioral 
activities, including predator avoidance. 
The objective of this study is to determine the effects 
of acute and prolonged oxygen deprivation on functioning of 
rapid escape reflexes in L. varieaatus (Family 
Lumbriculidae). Some comparisons are also made to escape 
reflex function in another freshwater oligochaete, 
Branchiura sowerbyi (Family Tubificidae). Although the 
general organization of rapid escape reflexes is similar in 
both species, there are important functional and behavioral 
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differences with respect to motor performance (Zoran and 
Drewes, 1987) that warrant attention and comparison-
Methods 
Specimens of L. varieaatus were obtained from asexually 
reproducing colonies maintained in aquaria. The aquaria 
were vigorously bubbled with atmospheric air. Natural 
sediments served as the substrata. The organisms were fed 
trout chow several times a week. 
Specimens of B. sowerbvi were collected in May from 
sediments in Lake Laverne, located at Iowa State University, 
Ames, lA. Worms were removed from sediments by sifting 
through a fine mesh screen. They were then placed in 
aerated aquaria containing natural sediments but no other 
macroinvertebates. The container was vigorously bubbled 
with atmospheric air. Worms were fed flaked fish food 
several times a week. Typically, organisms were used within 
eight weeks of collection. 
Extracellular Recording 
Basic procedures for obtaining non-invasive 
extracellular recordings of giant fiber activity in L, 
varieaatus and B. sowerbvi have been described by Zoran and 
Drewes (1987). These were originally developed for use with 
worms that crawled in a thin film of water on the surface of 
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a recording electrode grid. Thus conditions were aerobic, 
with gas exchange between the worm and the atmosphere 
occurring across this fluid film. However, procedures for 
obtaining non-invasive, underwater recordings of giant fiber 
spikes have been described for both L. varieaatus (Drewes 
and Fourtner, 1989) and B. sowerbyi (Zoran and Drewes, 
1987). Their procedures were modified as follows. A 
plastic test chamber, trapezoidal in shape (top opening = 
2.6 by 2.1 cm rectangle; bottom opening = 4.9 by 2.1 cm 
rectangle; height = 5.7 cm), was placed around the recording 
electrodes on the printed circuit board recording grid. A 
rubber gasket was placed between the chamber and the 
recording grid. Rubber bands were used to hold the chamber 
in place, thus assuring a watertight seal. Forty ml of 
double distilled water (dd H2O) was poured into the chamber 
and an oblong Plexiglass bar with rounded corners (length = 
2.5 cm; width = 4 mm; height = 4 mm) was placed on the grid 
perpendicular to recording electrodes. Once positioned 
properly, worms tended to crawl around the edge of the bar 
while keeping their ventral surface in contact with the 
recording electrodes. Worms were allowed to acclimate to 
the chamber for 5 min before testing. 
To test each worm, five LGF and five MGF spikes were 
evoked by lightly touching either the tail or the head, 
respectively, with a fine human hair attached to an 
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applicator stick. The touch-evoked giant fiber spikes were 
recorded at two spatially separated pairs of recording 
electrodes (6 mm = spacing between recording pairs = 
conduction distance). Signals from these recording sites 
were differentially preamplified (lOOX), digitized, and 
displayed on a storage oscilloscope. 
Attempts were then made to determine the effect of 
anoxic exposure on touch sensitivity, giant fiber conduction 
velocity, and the ability to generate a muscle potential in 
L. varieaatus and B. sowerbyi. To do this, ten worms of 
each species were initially tested when the chamber 
contained dd H2O which had been vigorously bubbled with 
atmospheric air for 5 min. After bubbling with atmospheric 
air, the mean dissolved oxygen concentration was 8.2 ppm (± 
0.3 ppm SD; n = 10), as measured by a YSI MODEL 59 dissolved 
oxygen meter and YSI MODEL 5905 BOD probe (two-point 
calibration using atmospheric air and 0.1 N sodium 
thiosulfate). The bubbling was stopped before the worm was 
placed in the test chamber and no bubbling occurred during 
either a 5 min acclimation period or the actual testing 
period, which lasted an additional 5-10 min. A final 
measurement indicated that there was no change in dissolved 
oxygen concentration during the test period. After, 
testing, the worm was removed from the chamber and the water 
was vigorously bubbled with 100% nitrogen for 5 min. This 
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changed the dissolved oxygen concentration to 0.03 ppm (± 
0.03 SD). The worm was then replaced in the chamber and 
retested after a 5 min acclimation period. All treatment 
procedures were then repeated for each worm-
The effect of prolonged oxygen deprivation on the rapid 
escape of L. varieaatus and B. sowerbvi was determined by 
exposing the worms to anoxic dd H2O for 7 days. In L. 
varieaatus. this was done by constraining 10 worms in a tea 
ball that was placed in a large jar containing dd H2O into 
which 100% nitrogen was continuously bubbled for 7 days. 
Worms were placed in the teaball to prevent any damage or 
stimulation that might otherwise occur if worms were 
subjected to water turbulence generated by the vigorous 
bubbling. The dissolved oxygen concentration was measured 
periodically and remained at approximately 0.03 ppm for the 
entire exposure. Periodically, worms were transferred with 
a pipette to the test chamber (also anoxic). 
In B. sowerbvi. a different approach was used. Each 
worm was placed in a separate airtight container of anoxic 
dd H2O (bubbled with 100% nitrogen for 5 min prior to 
placing the worm in it). The dissolved oxygen concentration 
was measured every 24 h to determine whether anoxia was 
maintained. After measuring the dissolved oxygen 
concentration, containers were re-bubbled with 100% nitrogen 
for 5 min. A dissolved oxygen concentration of 0.03 ppm was 
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reliably maintained for 7 days by this approach. Twice 
during the 7 day exposure (at 24 h and 7 days), worms were 
removed from their containers, and immediately placed in the 
test chamber containing anoxic dd H2O, and 
electrophysiologically retested. 
A second group of worms (n = 8; each species) served as 
the control. The testing procedures for this group were 
similar to those for worms exposed to anoxia except that all 
testing for the controls occurred in fully aerated ddH20. 
Control worms were maintained in fully areated ddH20 rather 
than anoxic ddH20. 
The effects of both acute and prolonged anoxia on the 
escape reflex were determined by noting any changes in 
locomotory behavior, touch sensitivity, giant fiber 
conduction velocity, and the ocurrence of giant fiber-
mediated muscle electrical potentials. Conduction velocity 
was determined by dividing conduction distance by conduction 
time. Values were then expressed as relative conduction 
velocity (defined as the ratio of average conduction 
velocity after anoxic exposure to average velocity before 
exposure). 
Results and Discussion 
There was no apparent effect of anoxia on touch-evoked 
medial and lateral giant fiber activity in either species. 
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For example, neither waveform nor conduction velocity of the 
lateral giant fiber spikes were affected by sudden onset or 
prolonged exposure to anoxia (Figs. 2.1, 2.2, and 2.3). The 
relative LGF conduction velocity varied from approximately 
0.97 to 1.03 and a paired t-test indicated differences 
between conduction velocities, before and after exposure, 
were statistically insignificant (p > 0.2). Similar results 
were obtained for the waveform and conduction velocity of 
medial giant fiber spikes (Figs. 2.4, 2.5, and 2.6). The 
range of relative conduction velocities for both species was 
0.97 to 1.05 and differences between velocities, before and 
after exposure, were not statistically significant (p > 
0 . 2 ) .  
A similar capability for generating giant fiber activity 
under anoxic conditions (5 day exposure) was noted in 
Arenicola marina by Surlykke (1983). While conduction 
velocity was not determined, intracellular and extracellular 
recordings indicated that waveform of the giant fiber spikes 
was also unaffected by anoxia. By comparison, short-term 
exposure to anoxia (less than 1 h) blocked the ability of 
cat and rat nerves to conduct action potentials (Eccles et 
al., 1966; Maruhashi and Write, 1967; Brismar, 1981). 
Further, in L. varieaatus or B. sowerbvi. there was no 
apparent change in touch sensitivity as a result of anoxic 
exposure- Giant fiber spikes were reliably evoked by touch 
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Fig. 2.1 A touch-evoked lateral giant fiber spike (•) of L. 
varieaatus in (A) aerated ddH20 and (B) anoxic 
ddH20. A touch-evoked lateral giant fiber spike 
(•) of B. sowerbvi in (C) aerated ddH20 and (D) 
anoxic ddH20. Note: the muscle potential is off 
scale. 
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Fig. 2.2 The effect of brief (5 min) and prolonged anoxia 
(24 h and 7 day) on LGF conduction velocity in L. 
varieaatus (mean ± SEM). 
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Fig. 2.3 The effect of brief (5 min) and prolonged anoxia 
(24 h and 7 day) on LGF conduction velocity in B. 
.qowerbvi (mean ± SEM) . 
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Fig. 2.4 A touch-evoked medial giant fiber spike (•) of L. 
varieqatus in (A) aerated ddH20 and (B) anoxic 
ddH20. A touch-evoked medial giant fiber spike (•) 
of B. sowerbyi in (C) aerated ddH20 and (D) anoxic 
ddH20. Note: the muscle potential is off scale. 
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Fig. 2.5 The effect of brief (5 min) and prolonged anoxia 
(24 h and 7 day) on MGF conduction velocity in L. 
varieaatus (mean ± SEM). 
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Fig. 2.6 The effect of brief (5 min) and prolonged anoxia 
(24 h and 7 day) on MGF conduction velocity in B. 
sowerbvi (mean ± SEM). 
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at all times. Provided that tactile stimulation evoked 
requisite giant fiber spiking, expected escape withdrawal 
(i.e., visible shortening) occurred. Although patterns of 
reflex habituation to repeated stimulation were not 
systematically studied, there was no obvious deficit in the 
ability of giant fiber systems in either species to respond 
to repeated tactile stimulation. 
Under normal conditions, a giant fiber-evoked shortening 
in L. variegatus requires two or more closely spaced spikes, 
while a single spike is insufficient to evoke a contraction. 
In contrast, escape in B. sowerbvi is not graded; a single 
LGF spike evokes an all-or-none escape response. Though 
these escape reflexes represent two functional alternatives, 
neither was apparently affected by sudden or prolonged 
exposure to anoxic conditions. 
If one assumes that the performance of the giant fibers 
in L. variegatus. under anoxic conditions is indicative of 
general nervous system performance in these worms, then it 
is expected that other non-giant fiber-mediated motor 
activities also should be functionally intact. This 
supposition is supported by observations that no apparent 
behavioral changes occurred during exposure to anoxia 
(either acute or prolonged exposure). Normal, spontaneous 
crawling movements were evident, in both species, as were 
touch-evoked undulatory swimming movements in L. variegatus. 
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In contrast, Surlykke (1983) reports that upon exposure to 
anoxia A. marina became inactive, although reflex withdrawal 
to noxious stimulation was possible. 
L. varieaatus and B. sowerbvi use their tails as 
respiratory organs (Brinkhurst and Jamieson, 1971; Weber, 
1978). Both project their tails above the sediments and 
into the water column, especially during periods of low 
oxygen availability. This places the tail at significant 
risk to predation thereby necessitating a functionally 
intact escape reflex. Since rapid escape reflex functions 
in vivof in both species, were unimpaired by sudden or 
prolonged anoxia under laboratory conditions it seems 
reasonable to assume that, in nature, comparable functioning 
may occur under a wide variety of dissolved oxygen 
concentrations and that worms remain fully responsive to 
predatory attack. 
Rapid escape responses are episodic and sufficiently 
infrequent (presumably) that associated muscle contractions 
may represent only a small increment of total energy budget. 
However, the energy requirements for functional maintenance 
of that portion of the nervous system devoted to escape 
reflexes may not be trivial. Ritchie (1967) suggested that 
"nearly all" of the resting metabolic energy of rabbit C 
nerve fibers may be devoted to maintenance of their ionic 
gradients. 
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The question is, therefore, how ATP requirements of the 
giant fibers and associated escape reflex components are 
met? The metabolic rate in L. varieaatus was reduced 40-80% 
when exposed to anoxic conditions (Gnaiger, 1980; Gnaiger 
and Staudigl, 1987). We would expect a corresponding 
decrease in ATP utilization during this time. If normal 
basal levels of energy consumption by the nervous system are 
constantly maintained, even during anoxia, then ATP 
requirements for the other organ systems must be reduced. 
It is not known whether the metabolic rate of the nervous 
system remains constant during anoxia or, in fact, 
decreases. 
A study by Brown and Drewes (1992) using ^^P-NMR 
indicated that there are stores of high-energy compounds, 
such as phospholombricine and ATP, present in L. varieaatus. 
These stores could serve to augment ATP production by 
anaerobic pathways. However, total ATP utilization during 
anoxic conditions can not exceed the 20-60% "ceiling" 
(Gnaiger, 1980; Gnaiger and Staudigl, 1987). In order to 
understand and appreciate the effects of anoxia on the 
metabolic pathways, the nervous system, and their 
interaction, further work is needed. 
In conclusion, approaches described in this paper may be 
useful in addressing questions of how oxygen deprivation, 
perhaps in combination with other physiological stressors 
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(e.g. environmental toxicants that perturb metabolic 
pathways), affect the performance of rapid escape. 
Electrophysiological assessment of giant nerve fiber 
function in vivo may provide new and useful information 
about capabilities and limitations of neurobehavioral 
performance within natural environmental contexts. 
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CHAPTER III; EFFECT OF pH AND AMMONIA/AMMONIUM 
ON RAPID ESCAPE PERFORMANCE 
Introduction 
Local environments in freshwater lakes can be greatly 
influenced by the nitrogen cycle and pH cycle. Both cycles 
are highly variable regionally and seasonally. Within the 
nitrogen cycle, the distribution of ammonia/ammonium (the 
ratio depends on pH and temperature) is directly related to 
the productivity of the lake and the amount of organic 
pollution present. It is usually quite low in well 
oxygenated lakes (less than 1 ppm) (Wetzel, 1983). However, 
the amount of ammonia/ammonium increases as the sediments 
become anoxic and there is a concurrent release of NH4"^ from 
the sediments due to a reduction in the absorptive capacity 
of the anoxic sediments (Kamiyama et al., 1977). 
Ammonia/ammonium is the primary breakdown product from 
the decomposition of nitrogenous organic matter (i.e. 
proteins) by bacteria. It is also the major excretory 
product of nitrogen metabolism for aquatic organisms 
although this source is a relatively minor contribution to 
the environment. Large changes in the concentration of 
ammonia/ammonium are therefore quite possible and depend 
upon productivity, organic pollution, anoxia and 
decomposition rates. 
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The pH range of most open, freshwater lakes is between 
6 and 9 (Wetzel, 1983). The pH of highly productive lakes 
tends to decrease with depth. It also varies as a function 
of the rate of photosynthesis and cellular respiration. 
Photosynthesis reduces the dissolved CO2 content which in 
turn increases pH while cellular respiration has the 
opposite effect. 
Within freshwater environments, benthic 
macroinvertebrates are exposed to these two cycles- Some of 
the most abundant and ecologically significant benthic 
macroinvertebrates, are freshwater oligochaetes (Wetzel, 
1983). However, little is known about the effects of either 
ammonia/ammonium or pH on freshwater oligochaetes. 
While the effects of both pH and ammonia on fish have 
been well documented (Jenney et al., 1992 a,b; Lumsden et 
al. , 1993), only a few species of freshwater invertebrate 
have been studied to date. Two related studies (Arthur et 
al. , 1987; Hermanutz et al., 1987) showed that ammonia was 
less toxic to pelagic and benthic invertebrates than to 
fish; no oligochaetes were studied. 
The effect of pH on the species diversity of stream 
macroinvertebrates was addressed by Kullberg (1992). 
Although oligochaetes were included in this study, only 
their presence or absence was noted. There was no 
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systematic study of physiological effects of environmental 
pH on freshwater oligochaetes. 
Such a study seems warranted because freshwater 
oligochaetes provide some unique opportunities to non-
invasively study the effects of pH and ammonia/ammonium on 
the sensory, integrative, and motor neural elements 
associated with a stereotyped reflex behavior. This 
behavior coordinates the rapid withdrawal of either the head 
or the tail in response to touch, vibration, or shadow 
stimuli (Drewes, 1984; Drewes and Fourtner, 1989). The 
normal performance of this rapid escape reflex is contingent 
upon the proper functioning of the following elements: 
sensory neurons in the epidermis, giant interneurons within 
the worm's central nervous system, motor neurons, and 
longitudinal muscle. Alterations in any of these, due to 
potential neurotoxic effects of either pH or ammonia, could 
not only compromise the efficacy of predator avoidance, but 
also indicate that nervous system performance in general is 
compromised. 
The objectives of this study are therefore to determine: 
(i) the lethal limits of environmental pH and potential 
sublethal effects of pH extremes on rapid escape reflex 
functions; and (ii) the lethal limits of ammonia/ammonium 
and potential sublethal effects of ammonia/ammonium extremes 
51 
on rapid escape reflex functions in the freshwater 
oligochaete, L. varieaatus. 
L. varieaatus has a number of advantages for such study; 
(i) large numbers of organisms are available from the 
rapidly reproducing colonies; (b) non-invasive, 
electrophysiological recording of giant nerve fiber spikes 
is possible; (c) the pandemic distribution of this species 
may make generalizations about neurophysiological impacts of 
pH and ammonia on L. varieaatus broadly applicable to their 
populations (and perhaps other species) in freshwater 
ecosystems. 
Methods 
Asexually reproducing colonies of L. varieaatus were 
maintained in aerated aquaria at Iowa State University. 
Paper toweling served as the substrata. The colonies were 
maintained on trout chow. 
Prior to any treatments, worms were isolated in double 
distilled water (dd H2O) for 24 h to allow clearance of gut 
contents. At the same time, worms were scanned for 
uniformity of pigmentation. Worms showing signs of recent 
regeneration and/or other morphological abnormalities 
(indicated by discontinuites in pigmentation) were not used 
in this study. The remaining worms were randomly assigned 
to various treatments indicated below. 
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Extracellular Recording 
Individual worms were placed on the printed circuit 
board recording grid, along with a few drops of dd H2O 
water, using an eyedropper. Worms crawled along the edge of 
a Plexiglass bar that was placed perpendicular to the grid 
electrodes. Once the worm was in the proper orientation 
with respect to two spatially separate (6 mm = conduction 
distance) recording sites the worm was lightly touched on 
the head or tail with a fine human hair attached to the end 
of a wooden applicator stick. Touch-evoked giant fiber 
activity was recorded by two pairs of differential recording 
electrodes. Signals were preamplified (lOOx), digitized, 
and displayed on a storage oscilloscope. For detailed 
discussion of techniques involved in extracellular recording 
of giant fiber activity in oligochaetes, see Drewes (1984) 
and Zoran and Drewes (1987). 
EH 
To determine the effects of pH, nine groups (ten 
worms/group) were continuously exposed for seven days to one 
of the following treatments: 
1) dd H2O - unadjusted pH = 4.5 (± 0.4 SD; n = 10 
replications); 
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2) 2 mM sodium phosphate buffer - unadjusted pH = 6.5 (± 
0.03 SD; n = 10); 
3) 2 itiM phosphate buffer - pH values 3.00, 4.00, 5.00, 
6.00, 7.00, 8.00 or 9.00. All values were adjusted to ± 
0.02. pH was measured using an Orion SA720 pH meter and an 
Orion pH probe #917002. The meter and probe were calibrated 
using standardized pH buffer solutions (pH values of 4.00, 
7.00, and 10.00). 
Worms were tested on the recording grid prior to their 
assigned treatment. Testing consisted of evoking five LGF 
and five MGF spikes by touching either the tail or the head 
of the worm (testinc: lasted 5-10 min). Worms were then 
immersed in their assigned treatment solution (20 ml of 
solution/container) for 7 days. Retesting, during the 7 day 
exposure, occurred at the following times: 1 h, 24 h, and 7 
days. At these times, worms were removed from their 
treatment solution and placed on the recording grid along 
with a few drops of the treatment solution. After each 
retest, worms were reimmersed in their treatment solution. 
The pH of treatment solutions was stabilized using a 2 
mM sodium phosphate buffer. The pH of the treatment 
solutions was adjusted by adding a small amount of 0.1 N HCl 
and/or 0.1 N NaOH (a maximum of three drops). The pH of 
treatment solutions was measured every 24 h and, if pH 
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change was more than ± 0.05 units, adjustments of the pH 
were made (all temperatures were 21-23 °C). 
The effect of different pH treatments on touch 
sensitivity, giant fiber conduction velocity and the ability 
to generate a muscle potential was determined by comparing 
each worm's responses to testing both before and after 
exposure. Conduction velocity was determined by dividing 
conduction distance by conduction velocity. Every velocity 
value was then expressed as relative conduction velocity 
(defined as the ratio of the mean conduction velocity after 
treatment to the mean velocity before treatment). 
Ammonia 
To investigate potential effects of ammonia/ammonium 
concentration on rapid escape, eight groups of worms were 
treated with 2.6 or 26 ppm NH4OH (nominal) for a duration of 
15 min, 30 min, 1 h, or 24 h. Two other groups of worms 
were treated with 260 ppm NH4OH (nominal) for a duration of 
15 min or 30 min (25 worms per group). The pH of NH^OH 
solutions, measured before worms were immersed, was 9,2 ± 
0.06 for all treatment solutions. This effectively 
established the concentration ratio of ammonia to ammonium 
ion; at pH 9.2 approximately 44% of the NH4OH is ammonia 
while the remaining is ammonium (Emerson et al., 1975). 
Thus, the concentration of ammonia, at a 260 ppm NH4OH 
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concentration, was approximately 115 ppm. A similar 
partitioning of ammonia to ammonium (44% to 56%) is expected 
at 2.6 and 26 ppm NH^OH (pH 9.2) (Emerson et ai., 1975). 
Worms were tested prior to immersion. Testing consisted 
of evoking five LGF and five MGF spikes by touching either 
the head or the tail, respectively, with a fine human hair. 
Each worm was then immersed in its assigned treatment 
solution. After treatment, worms were rinsed in dd H2O and 
allowed to recover in individual containers of dd H2O. 
Retesting occurred at the following times after treatment 
ended: 5 min, 6 h, 24 h, 48 h, and 7 days. Treatment 
effects on touch sensitivity, giant fiber excitability, 
giant fiber conduction velocity, and the ability to generate 
a muscle potential were determined (as described for pH). 
Influence of pH on Ammonia/Ammonium Toxicity 
Potential effects of different ammonia/ammonium 
concentration ratios on the rapid escape were investigated 
by varying the pH of the treatment solutions. At high pH 
(greater than 8) the ammonia form predominates while at 
lower pH (less than 8) the ammonium form predominates 
(Emerson et al., 1975). 
Possible difference in effects of carbonate and 
phosphate buffers (used to stabilize pH) were also 
investigated. Bicarbonate buffer was included because: (i) 
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it is one of the major buffers in freshwater lakes; and 
(ii) in fish, the toxicity of ammonia varies not only as a 
function of pH but also as a function of water alkalinity 
(related to bicarbonate concentration) (Tang et al., 1992). 
We wished to determine if the buffer could influence 
neurotoxicity. Worms were exposed to six combinations of 
buffer and NH^OH treatments (10 worms/treatment; Table 3.1). 
Worms immersed in treatments #1, 2, and 3 were 
electrophysiologically retested immediately after treatment. 
To do this worms were removed from treatment solution, 
rinsed in ddH20, and transferred to the recording grid. 
After testing, worms were maintained in ddH20 and again 
retested at 24 h, 48 h, 4 days, and 6 days after the end of 
treatment. Worms immersed in treatments ir4, 5 were retested 
immediately and at 6 days after treatment. Worms in group 
#6 were not retested because all died within 24 h after the 
treatment. All electrophysiological testing procedures were 
identical to those previously used for ammonia. 
Results 
pH 
Exposures to a wide range of external pH had no adverse 
effects on the rapid escape reflex of L. varieaatus. The 
Table 3.1 Experimental protocols to determine the effect of 
pH on ammonia/ammonium toxicity. 
TREATMENT 
# 
BUFFER 
(2 mM) 
[NH4OH] 
ppm 
pH 
(± 0.02) 
TREATMENT 
DURATION 
1 Phosphate 7.5 24 h 
2 Phosphate 260 7.5 24 h 
3 Phosphate 260 9.2 3 0 min 
4 Bicarbonate 7.5 24 h 
5 Bicarbonate 260 7.5 24 h 
6 Bicarbonate 260 9.2 3 0 min 
U1 
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LGF conduction velocity of worms treated with unitary pH 
increments between pH 4-8 was unaffected by either acute (1 
h) or prolonged (24 h or 7 day) treatment (paired t-test; p 
> 0.2). Data from selected values (pH 4, 7, and 9) are 
shown in Fig. 3.1. The relative LGF velocity ranged from 
0.95 to 1.03. Similar results for the MGF system were 
obtained, with relative velocities ranging from 0.97 to 1.04 
(paired t-test; p > 0.2; Fig. 3.2). 
Touch sensitivity and ability to generate a giant fiber 
mediated muscle electrical potential were also unaffected by 
continuous 7 day exposure to pH 4-8. By comparison, worms 
exposed to pH 3 immediately began to writhe and contort. 
All movement ceased within ten minutes and complete 
disintegration of the body wall occurred within 30 min. 
Worms exposed to pH 9 began to display brief (less than 20 
sec long), spastic contractions followed by a gradual loss 
of all locomotor function after 1 h. Within 24 h, both LGF 
and MGF conduction velocities were reduced by approximately 
50% (Figs. 3.1 and 3,2). Worms were also touch 
hyposensitive and unable to generate a muscle potential. 
Complete disintegration of the body wall occurred within 48 
h. 
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Ammonia 
Exposure to 2.6 or 26 ppm NH4OH (pH 9.2) had no adverse 
effects on rapid escape even at the longest exposure time 
(24 h). At 260 ppm NH4OH a 5 min treatment caused complete 
loss of locomotor function. After a 10 min treatment, worms 
were touch hyposensitive and ataxic while after 15 min worms 
were touch hyposensitive, ataxic, and both LGF and MGF 
conduction velocities were reduced. After 30 min, 
excitability of both giant fibers was reduced; a LGF spike 
could not be electrically evoked in greater than 60% of 
worms while a MGF spike could not be evoked in greater than 
80% of worms. All worms exposed to 260 ppm NH4OH for 
greater than 35 rain disintegrated after 6 h. 
The adverse effects of NH4OH on touch sensitivity, giant 
fiber excitability, and locomotor function were completely 
reversible and all treated worms (260 ppm NH^OH; pH 9.2; 5-
30 min treatment duration) recovered within six hours. 
Recovery of conduction velocity, however, was dependent upon 
treatment duration. For example, following 15 or 30 min 
treatment with 260 ppm NH^OH, LGF conduction velocity 
decreased by 30% while MGF conduction velocity decreased by 
50% (Figs. 3.3 and 3.4). Within 6 h after the 15 min 
treatment, both LGF and LGF conduction velocities recovered 
to pre-treatment levels (Figs. 3.3 and 3.4; p > 0.02). 
However, after 30 min treatment velocities in 60% (LGF) and 
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54% (MGF) of worms were less than 80% of pre-treatment 
levels despite a seven day recovery period. Possible later 
recovery of conduction velocity in these worms was not 
determined. 
The effects of 260 ppm NH^OH on escape function were 
moderated when the pH was adjusted from 9.2 to 7.5. No 
adverse effects were noted in worms after a 30 min treatment 
(260 ppm; pH 7.5). However, worms treated for 24 h (260 
ppm; pH 7.5) showed reduced conduction velocity (30% or 
greater for both LGF and MGF systems). Touch sensitivity, 
giant fiber excitability, and the ability to generate a 
giant fiber-mediated muscle potential were apparently 
unaffected. In 40% (LGF) and 60% (MGF) of worms treated for 
24 h (260 ppm; pH 7.5), conduction velocities were less than 
90% of control values despite removal from treatment for 7 
days. The possibility for complete recovery of conduction 
velocity was not determined. 
The effects of a 24 h treatment (260 ppm; pH 7.5), in 
either the phosphate or bicarbonate buffer, were identical. 
LGF and MGF conduction velocities were reduced (30% or 
greater for both LGF and MGF systems) while touch 
sensitivity and the ability to generate a giant fiber-
mediated muscle potential were apparently unaffected. 
Immediately, after a 30 min treatment (260 ppm; pH 9.2), in 
either buffer, worms were touch hyposensitive, ataxic, and 
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conduction velocity was also reduced. In some worms, giant 
fiber spikes could only be evoked by electrical stimulation. 
However, 24 h after the exposure, all worms exposed in 
bicarbonate buffer had disintegrated. There was no 
mortality of worms exposed in the phosphate buffer. 
Discussion 
No adverse effects occurred on rapid escape L. 
varieaatus as a result of prolonged treatment in a pH range 
of 4-8 (Figs. 3.1 and 3.2). Outside of that range, L. 
varieaatus seldom survived the treatment. Kullberg (1992) 
found oligochaetes in freshwater streams with pH 5.5-8, 
however, outside this range they were absent. Satchel1 
(1955) found that the terrestrial oligochaete, L. 
terrestris. can survive in soil pH 5-7. It appears, based 
on the present study and those by Kullberg (1992) and 
Satchell (1955), that both terrestrial and aquatic 
oligochaetes survive within a relatively wide range of 
environmental pH values. 
Mechanisms that allowed L. varieaatus to survive and 
perform normal escape reflex function over a wide range of 
pH were not determined. It is not known whether internal pH 
of L. varieaatus is regulated or if it conforms to external 
pH. Some possible explanations for maintenance of normal 
escape reflex function in L. varieaatus under these 
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conditions include: (i) the cuticle serves as a barrier 
limiting the effects of external pH on internal pH; (ii) the 
effects of external pH could be sufficiently buffered 
internally that pH surrounding the nervous systems is 
unaffected; or (iii) the pH surrounding the nervous system 
simply conforms to the external pH and, therefore, neural 
functions tolerate a wide range of pH. 
Sublethal ammonia/ammonium exposure caused neurotoxic 
effects on rapid escape function in L. varieaatus. These 
effects included ataxia, touch hyposensitivity, reduced 
conduction velocity, and reduced giant fiber excitability. 
Effects were dependent on concentration, treatment duration, 
and pH of the NH4OH solutions; effects were reversible in 
most cases. However, LGF and MGF conduction velocity in 
most worms treated with 260 ppm NH4OH for either 30 min (pH 
9-2) or 24 h (pH 7.5), never fully recovered even after 7 
days (Figs. 3.3 and 3.4). Although it was not determined 
whether conduction velocities eventually returned to normal, 
it is apparent that exposure to ammonia/ammonium can cause 
long lasting sublethal effects. 
pH greatly influences the form of the dissociated NH4OH 
and therefore its potential effects. At low pH (less than 
8), the predominate form is ammonium ion (NH^"*") while at 
higher pH it is ammonia (NH3) (Emerson et al., 1975). 
Since, ammonia is more hydrophobic than ammonium, it can be 
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"internalized" more easily. This is consistent with our 
observation that neurotoxic effects of NH4OH on escape 
reflex function occurred sooner (within 5 min) at pH values 
where the predominate form is ammonia. 
If L. varieaatus resists changes in pH through 
regulation, then as the ammonia is "internalized" it is 
coverted to ammonium without a corresponding increase in the 
internal pH. Any neurotoxic effects would therefore be due 
to the ammonium ion alone. In contrast, if pH conforms, 
then as the ammonia is "internalized" its conversion results 
in the alkalinization of the internal environment of the 
organism. Thus an increase in internal pH along with any 
neurotoxic effects of the ammonium ion could contribute to 
the overall neurotoxic effects of ammonia exposure. 
The concentration of ammonia in the water column of most 
freshwater lakes typically fluctuates between 0 and 10 ppm 
(Wetzel, 1983; Bachman, personal communication). At these 
concentrations ammonia probably would not affect the rapid 
escape performance of L. varieaatus. no matter how long the 
exposure. The concentration of ammonia, however, is greater 
at the sediment-water interface (Wetzel, 1983) and could 
potentially reach concentrations that, with prolonged 
exposure, adversely affect the rapid escape. 
Our results indicate that the alkalinity (related to 
bicarbonate concentration) of the treatment solution may 
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affect the toxicity of ammonia. All worms treated with 260 
ppm NH4OH (pH 9.2; 30 min) in the phosphate buffer survived 
the treatment, whereas worms treated with 260 ppm NH4OH (pH 
9.2; 30 min) in the bicarbonate buffer did not survive. 
Water alkalinity affects ammonia toxicity in trout (Tang et 
al., 1992). The exchange of ammonium across the gill 
epithelium was compromised in highly alkaline waters leading 
to the build up of toxic levels of ammonia in the blood. In 
addition, bicarbonate ion appeared toxic to several species 
of cladocerans (Hoke et al., 1992). The authors suggest 
that a depletion of intercellular chloride (Cl~) as a result 
of its co-transport with bicarbonate was the potential cause 
of bicarbonate toxicity. While these two studies support 
our assertion that bicarbonate affects the toxicity of 
ammonia, the mechanism by which this occurs is not known in 
freshwater oligochaetes. 
Results from the present study are the first relating to 
potential neurotoxic and lethal effects of pH and 
ammonia/ammonium on a freshwater oligochaete, L. varieaatus. 
In view of the broad range of tolerence in this species, we 
predict that neither pH nor ammonia should be limiting 
factors in the distribution and survival of L. variecratus. 
However, pH or ammonia could be important in combination 
with other factors, such as dissolved oxygen concentration 
or temperature, and this may warrant further investigation. 
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CHAPTER IV: EFFECT OF TEMPERATURE ON RAPID 
ESCAPE PERFORMANCE 
Introduction 
The effect of temperature on nervous system performance 
in poikilotherms has been reviewed by Prosser and Nelson 
(1981). Typically, at extremes of hot or cold, nervous 
system function and behavior are severely impaired. For 
example, cockroaches exposed to cold temperatures (less than 
10 °C), exhibit a characteristic behavior termed "chill 
coma" (Mellanby, 1939; Colhoun, 1960; Bradfisch et al., 
1982). Such behavior is characterized by tremors throughout 
the body, followed by complete loss of locomotor function. 
The tremors appear related to increased spontaneous spiking 
activity (i.e., hyperactivity) in specific leg motor neurons 
(Bradfisch et al., 1982). Neurons in other organisms, such 
as crayfish and slug, also exhibit hyperactivity at low 
temperatures (Kerkut and Taylor, 1958) although behavioral 
correlates to such activity have not been determined. 
We wished to determine the effect of temperature on 
selected parameters of giant nerve fiber function and 
associated escape reflex behavior in two species of aquatic 
oligochaete, Lumbriculus varieaatus and Branchiura sowerbyi. 
Normal execution of this reflex involves peripheral 
transduction of mechanosensory stimuli, central integration 
of sensory inputs by giant fibers (interneurons), rapid 
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conduction of giant fiber spike(s) along the ventral nerve 
cord, and generation of multisegmental motor neuron activity 
and longitudinal muscle contraction. In addition to effects 
of acute temperature change on these components, possible 
effects of prolonged exposure (acclimation) were also 
examined. 
No previous studies of this kind have been done on 
aquatic oligochaetes. However, related studies, on isolated 
ventral nerve cords in earthworms, have shown that 
acclimation occurred in the conduction velocity of giant 
fibers (Lagerspetz and Talo, 1967). For example, worms 
maintained at 13 °C had higher conduction velocities at cold 
test temperatures (5-10 °C) than worms maintained at 23 °C. 
Acclimation of conduction velocity has also been reported by 
Pampapahi Rao (1967) in a tropical earthworm species. 
Results from the present study will therefore extend our 
understanding of the effects of temperature on nervous 
system function to aquatic oligochaetes. 
Methods 
L. varieaatus were obtained from asexually reproducing 
colonies maintained in aerated aquaria (21 °C). The 
substrata for the worms were natural sediments. The 
organisms were fed trout chow several times a week. 
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Specimens of B. sowerbyi were collected in May/June from 
Lake Laverne, located at Iowa State University, Ames, lA. 
Worms were separated from the sediments by sifting through 
fine mesh screens. Worms were placed in aerated aquaria 
containing natural sediments previously frozen to prevent 
contamination by unwanted macroinvertebrates. Worms were 
fed flaked fish food several times a week. Typically, 
organisms were used within eight weeks. 
Extracellular Recording 
The procedure for obtaining non-invasive extracellular 
recordings of giant fiber spike activity is described in 
Drewes (1984) and Zoran and Drewes (1987). Worms were 
placed on the printed circuit recording grid and crawled 
along the edge of a Plexiglass bar placed perpendicular to 
the grid electrodes (Rogge and Drewes, 1993). Once the worm 
was in the proper orientation with respect to two recording 
electrodes, all-or-none giant fiber spikes were evoked by 
lightly touching the worm's head or tail with a fine, 
flexible bristle (approximately 100 jim D) attached to an 
applicator stick. The touch-evoked giant fiber spikes were 
recorded by two pairs of electrodes (separated by 6 or 10 mm 
conduction distance) connected to the differential inputs of 
two preamplifiers (lOOX amplification). The spikes were 
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then digitized and displayed as dual-channel recordings on a 
storage oscilloscope. 
Effect of Thermal History; Constant Test Temperature 
We examined the possibility that differences in thermal 
history (maintenance temperature) affected rapid escape 
function in L. varieaatus. when tested at room temperature. 
To do this, L- varieaatus were obtained from the lab 
culture and placed on the recording grid for initial 
testing. This consisted of evoking five lateral and five 
medial giant fiber spikes in response to a light touch to 
either the tail or head of the worm, respectively. All 
testing was done at 21 "c. Worms were then transferred to 
individual containers of double distilled water and 
maintained for 7-14 days at the following temperatures: 10, 
21, and 30 °C (± 1 °C; ten worms per temperature). Thus, 
each experimental unit was represented by a single worm. 
Periodically, worms were briefly removed from maintenance 
conditions and retested at room temperature. 
During testing giant fiber conduction velocity in each 
worm was determined by dividing conduction distance by 
conduction time. Every velocity value was then expressed as 
relative conduction velocity (defined as the conduction 
velocity determined during retesting divided by the velocity 
at initial testing for the same worm). Groups means of 
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relative conduction velocity, determined at each retesting 
time, were then compared to group means at initial testing 
using a paired difference t-test. In addition, qualitative 
changes were assessed in touch sensitivity and the ability 
to generate a giant fiber-mediated muscle potential. 
Effect of Thermal Historv: Variable Test Temperatures 
We also examined the possibility that thermal history 
would affect nervous system function when worms were tested 
over a range of test temperatures. Several hundred 
specimens of L. varieaatus were placed in small glass finger 
bowls containing several cm of natural sediments. These 
were maintained, with aeration, for 7-14 days at one of 
three temperatures: 10, 21, and 30 °C ± 1 °C (10 finger 
bowls/temperature). Then, fifty worms from each temperature 
(five worms per bowl) were selected for testing at various 
grid temperatures. Thus each experimental unit was 
represented by the five worms from each bowl. 
A similar protocol was used with B. sowerbvi. except 
that worms were maintained individually and only ten worms 
were tested per temperature. Thus, each experimental unit 
was represented by a single worm. In addition to conduction 
velocity measures (expressed in m/sec), repeated measures 
were also made of the time from LGF spike to onset of muscle 
potential. Under normal conditions this time is 
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approximately 1 msec (Zoran and Drewes, 1988) and includes 
efferent conduction time as well as two synaptic delays 
(giant fiber to motor neuron and motor neuron to 
longitudinal muscle). At each test temperature, group means 
for the three maintenance temperatures were statistically 
compared to each other using a standard t-test. 
The recording grid was cooled from the underside by 
contact with a cold thermal mass (block of lead; 24 cm X 17 
cm X 13 cm at -2 to 0 "C) separated from the grid by a 
variable number of insulating glass plates. Similarly, the 
grid was warmed by contact with a heated thermal mass (25 
stacked glass plates; 10 cm X 8 cm X 2.5 cm at 40 "C) 
beneath the grid. In either case, actual grid temperature, 
as well as rate of grid warming or cooling, was carefully 
controlled by adding or removing insulating glass plates (1 
mm thick) between the grid and the cold or warm thermal 
mass. 
Grid temperature was monitored by placing a Tektronix 
P6601 temperature probe, connected to a Tektronix DM 502A 
DMM, in contact with water droplets on the recording grid. 
Each test temperature was maintained at ± 0.3 "C for 
approximately 5-10 min. Then, the grid was cooled or warmed 
to the next desired temperature. Typically, testing of one 
worm at ten different temperatures took approximately 2 h to 
complete. To test for hysteresis effects half of the worms 
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in each group were tested while cooling the grid, and the 
other half were tested while the grid was warmed. Since 
there were no significant differences between the two 
groups, data for both groups were pooled and graphed. 
Results 
Constant Test Temperature 
When tested at 21 °C, escape reflex function in L. 
varieaatus appeared identical regardless of the worms' 
previous thermal history (10, 21 or 30 °C). Giant fiber 
spikes were easily evoked by touch in all groups and were 
conducted at normal velocities. The relative LGF conduction 
velocity varied from approximately 0.95 to 1.02 and any 
differences between conduction velocities, related to 
thermal history, were statistically insignificant (p > 0.2; 
Fig. 4.1). The relative MGF conduction velocity varied from 
approximately 0.97 to 1.03 and any differences were also 
statistically insignificant (p > 0.2; Fig. 4.2). In all 
groups of L. varieaatus. short bursts of giant fiber spikes 
were always accompanied by a muscle electrical potential 
which triggered visible body shortening. 
There were, however, noticeable group differences in 
general levels of locomotor activity during maintenance at 
various temperatures. Although spontaneous peristaltic 
crawling and frequent head movements were seen in worms 
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maintained at either 21 or 30 °C, these movements were 
slower and not as frequent in worms at 10 °C. Once worms in 
the latter group were placed on the recording grid (21 °C), 
however, normal forward peristaltic crawling and head 
movements were evident within 60 sec. 
Variable Test Temperature 
Nervous system function, in both L. varieaatus and B. 
sowerbyi. was altered in relation to changes in test 
temperature. As test temperatures were decreased from 20 to 
10 °C, several effects on escape function were observed. 
First, worms became touch hyposensitive; that is giant fiber 
spikes became progressively more difficult to evoke. 
Second, at 10 °C both LGF and MGF conduction velocities were 
reduced by at least 50% compared to the velocities at 20 °C 
(Figs. 4.3, 4.4 and 4.5). Third, giant fiber-mediated 
muscle potentials were often reduced or absent at low 
temperatures. Thus, worms often failed to exhibit rapid 
escape shortening in response to touch stimuli. 
In a few cases the grid temperature was lowered to 2 °C 
and, even at this temperature, giant fiber spikes could be 
touch-evoked in both species, although worms were 
hyposensitive and no longitudinal shortening was triggered 
by such spiking. There were no apparent 
electrophysiological or behavioral events indicative of a 
Fig. 4.3 LGF spikes (•) recorded at A) 22 °C and B) 12 °C in 
L. varieaatus acclimated to 21 °C. Note that the 
conduction velocity at 20 °C (6.0 m/sec) is nearly 
twice the conduction velocity at 12 °C (3.4 m/sec). 
.0 1 0.0 1 5.0 20.0 25.0 30.0 35.0 
Grid temperature (deg C) 
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4.4 Effect of grid temperature on LGF conduction 
velocity in three groups of L. varieaatus with 
different thermal histories (mean ± SEM; n = 10 
bowls of worms; five worms per bowl). 
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Fig. 4.5 Effect of grid temperature on MGF conduction 
velocity in three groups of L. varieaatus with 
different thermal histories (mean ± SEM; n = 10 
bowls of worms; five worms per bowl). 
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chill coma phenomenon, such as spontaneous giant fiber 
spiking or tremors throughout the body in either species 
despite exposure to a range of cold temperatures. 
As test temperatures were gradually increased above 20 
°C, nervous system functions were unchanged by increasing 
temperature from 20 to 30 °C. Worms were not noticeably 
more touch sensitive, LGF and MGF conduction velocities did 
not increase, and muscle responses and escape behavior 
appeared unchanged. 
Effects of varying the grid temperature appeared 
independent of thermal history (maintenance temperature) in 
L. varieaatus. There were no significant differences (p > 
0.2) in conduction velocity between groups maintained at 10, 
21 or 30 °C, nor were there any noticeable differences in 
touch sensitivity or escape behavior (Figs. 4.4 and 4.5). 
Similarly, in B. sowerbvi there was no evidence of 
acclimation effects on conduction velocity or touch 
sensitivity (Figs. 4.6 and 4.7). However, there was an 
indication of an acclimation effect on the delay time from 
LGF spike to the onset of a muscle potential, a parameter 
that was not measured in L. varieaatus. For example, there 
were significant differences between the 10 °C and 21 °C 
group at the following test temperatures: 10 (p < 0.01), 12 
(p < 0.001), 14 (p < 0.001), 16 (p < 0.001), 18 (p < 0.001), 
and 20 °C (p < 0.01). There were also significant 
1 IDS 
Pig. 4.6 LGF spikes (•) recorded at A) 22 °C and B) 12 °G 
B. sowerbvi acclimated to 21 "C. Arrow indicates 
giant fiber-mediated muscle potential. 
0  5  1 0  1 5  2 0  2 5  
Grid temperature (deg C) 
21 deg C -0-- 10 deg C 30 deg C 
7 days 7 days 
4.7 Effect of grid temperature on LGF conduction 
velocity in three groups of B. sowerbyi with 
different thermal histories (mean ± SEM; n = 10 
worms). 
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differences between the 10 and 30 °C group for the following 
test temperatures: 10 (p < 0.01) and 12 °C (p <0.001). 
Decreasing the test temperature from 21 °C to 12 °C 
increased the delay time from approximately 1 to 5.5 msec, 
respectively (21 and 30 °C; Fig 4.8). After worms were 
acclimated to 10 °C, an identical decrease in temperature 
(21 to 12 °C) increased the delay time from approximately 1 
to 4.5 msec. There was no significant difference (p > 0.02) 
in the delay time between worms maintained at 21 or 30 °C at 
the following test temperatures: 10 and 21 °C (Fig. 4.8). 
Discussion 
The general effect of temperature on conduction velocity 
in L. varieaatus was similar to that seen in earthworm giant 
fibers. Studies by, Lagerspetz and Talo (1967) showed that 
conduction velocities (both MGF and LGF) decreased below 20 
°C while no further increases in conduction velocity were 
evident above that temperature. The same effect was noted 
at 25 °C in giant fibers in a tropical earthworm studied by 
Pampapathi Rao (1967). Similarly, in L. varieaatus 
conduction velocity did not continue to increase at 
temperatures above 20 °C. The ecological or physiological 
significance, if any, of these trends is unknown. 
In earthworms, Lagerspetz and Talo (1967) found that 
conduction velocity, when measured at 5 to 10 °C, was 
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Fig. 4.8 Effect of grid temperature on the delay from a LGF 
spike to onset of muscle potential in three groups 
of B. sowerbyi with different thermal histories 
(mean ± SEM; n = 10 worms). Except where shown, 
error bars are hidden by the graph symbols. 
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approximately twice as rapid in worms acclimated to 13 "C as 
compared to worms acclimated to 23 "C. However, when 
velocities were measured at temperatures above 10 "C there 
was no further evidence of an acclimation effect. In 
contrast to earthworms, there was no indication of 
acclimation of conduction velocity in either L. varieaatus 
or B. sowerbvi. There was, however, a clear cut acclimation 
effect on the delay time for B. sowerbvi (Fig. 4.8). The 
presence or absence of an acclimation effect appears to 
depend upon the parameter that was measured. 
The present study used non-invasive techniques and 
allowed examination and comparison of temperature 
sensitivity of additional properties of escape function. 
Results indicated that giant fiber spikes could be touch-
evoked and conducted along the giant fibers, in both 
species, at all test temperatures. However, a giant fiber-
mediated shortening could not be generated when the test 
temperature was below 10 "C. This suggests that at low 
temperatures the efferent side of the reflex is the "weak 
link" in the chain of events required for rapid escape. 
Absence of hyperactivity, either physiologically or 
behaviorally, suggests that no chill coma phenomenon occurs, 
at least for these species. The possible ecological 
significance of efferent failure in escape reflex function 
at low temperature is unknown. The effects may be 
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insignificant if predators are less capable of attack at low 
temperatures (see Montgomery and MacDonald, 1990), or if 
worms' tails are less exposed to predatory attack as 
compared to warm temperatures. 
Clearly, temperature has an effect on nervous system 
performance of the escape reflex in L. varieaatus and B. 
sowerbvi. Using the techniques described, we were able to 
identify which components of the escape reflex were more 
temperature sensitive than others. The effect of 
temperature in combination with other factors, such as 
dissolved oxygen concentration, warrants further 
experimentation. 
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CHAPTER V: EFFECT OF REPEATED STIMULATION ON 
RAPID ESCAPE PERFORMANCE 
Introduction 
Most freshwater and terrestrial oligochaete worms 
utilize rapid escape (startle) reflexes to avoid predators. 
These reflexes involve a rapid, multisegmental longitudinal 
muscle contraction triggered by activation of through-
conducting, giant fiber pathways (ie., chains of 
interneurons) within the worm's ventral nerve cord. Two, 
functionally dichotomous but parallel giant fiber pathways 
exist in oligochaetes; a medial giant fiber (MGF) path, 
activated by touch or vibratory stimulation within an 
anterior sensory field, and two lateral giant fibers (LGF), 
activated in unison by comparable stimulation within a 
larger, posterior sensory field (Drewes, 1984). 
In nearly all oligochaetes, the magnitude of giant 
fiber-mediated escape responses is graded in accordance with 
the strength of applied tactile stimulation. That is, a 
very weak stimulus evokes only a single MGF (or LGF) spike, 
which is inadequate in eliciting any overt longitudinal 
muscle contraction. However, stronger stimuli may elicit 
two or more giant fiber spikes that trigger facilitated 
electrical responses in muscle and an associated body 
contraction (shortening) whose strength depends on the 
number and frequency of antecedent spikes (Drewes and 
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McFall, 1980). Such graded response patterns are common in 
both terrestrial and freshviater oligochaete species (Drewes 
et ai. , 1983; Zoran and Drewes, 1987). 
Although it is known that reflex responsiveness may 
diminish (habituate) with repeated stimulation (Dyal, 1973), 
there have been no previous reports of factors/conditions 
that temporarily enhance (i.e., sensitize) giant nerve fiber 
responsiveness to tactile stimuli in oligochaetes. There 
is, however, some indication that oligochaete giant fibers, 
as reflected by measurements of their impulse conduction 
velocity, may undergo a transient and activity-dependent 
alteration in electrical excitability. This was first 
demonstrated in earthworm giant fibers by Bullock (1951), 
who noted during twin-pulse electrical stimulation of 
isolated ventral nerve cords that the second giant fiber 
spike in a pair of spikes was conducted 10-20% faster than 
the first. This phenomenon, termed "facilitation of 
conduction velocity," and hereafter abbreviated FCV, also 
was observed in vivo by means of non-invasive recordings of 
giant fiber spiking in earthworms (Drewes et al., 1978; 
Drewes and McFall, 1980; O'Gara et al., 1982). However, the 
potential relevance of this unusual phenomenon to 
oligochaete escape behavior has never been established. 
In the present study we test and confirm the hypothesis 
that generation and conduction of a single giant fiber spike 
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(which is a requisite for FCV but, by itself, is 
subthreshold for producing any overt escape behavior) 
transiently sensitizes giant nerve fiber responsiveness to 
subsequent touch stimulation at segmental loci that are 
remote from the original stimulus. Thus, there is increased 
likelihood of initiating a second spike during this period 
of enhanced touch sensitivity, and therefore an increased 
likelihood of evoking escape shortening. These experiments 
utilized the freshwater oligochaete, Lumbriculus varieaatus. 
a species in which in vivo recordings of giant fiber spikes 
are readily obtained and touch-evoked escape responses are 
known to be graded (Drewes and Fourtner, 1989). This 
constitutes the first report of the FCV phenomenon in any 
freshwater oligochaete. 
Methods 
Specimens of L. varieaatus were obtained from asexually 
reproducing laboratory colonies. Colonies were maintained 
in aerated aquaria, at 21-23 °C, containing natural 
sediments and were fed several times a week on trout chow. 
The worms were removed with an eyedropper, briefly rinsed in 
double distilled water and transferred to the recording 
grid. 
Worms locomoted along the edge of a plexiglass bar 
placed on the grid (Rogge and Drewes, 1993). Two pairs of 
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grid electrodes were connected to differential inputs of 
recording preamplifiers (lOOx amplification). This 
arrangement allowed two-channel non-invasive extracellular 
recordings of all-or-none giant fiber spikes evoked either 
by (1) indirect, tactile stimulation of the worm's 
mechanosensory pathways or (2) direct electrical stimulation 
of the MGF/LGF pathways via a third pair of grid electrodes 
(Fig. 5.1). During paired-pulse electrical stimulation 
inter-pulse intervals of 5, 10, 20, 50, 100, and 200 ms were 
used and spike conduction velocities were determined from 
digitized recordings obtained from the two recording sites, 
located 6 mm apart at a midbody position. 
To test for enhanced LGF touch sensitivity an 
electromechanically driven probe was used to apply focal 
tactile stimulation to the worm (Fig. 5.1). The stimulus 
probe consisted of the flattened end of an insect pin (1 mm 
D) that protruded through a hole drilled into the circuit 
board and (prior to stimulation) was flush with the surface 
of the board. The pin was attached rigidly to the diaphragm 
of a 4" speaker. Single-pulse output from a rectangular 
wave stimulator produced a brief vertical displacement of 
the probe. Stimulus parameters were constant in all 
experiments: voltage was adjusted so that the probe 
displacement was 100 jum; and pulse duration was 0.1 ms. In 
amplification of 
spike 
amplifier 
isl spike triggers 
electrical stimulus 
displacement 
stimulator 
amplification of 
stimulator output 
speaker 
amplifier 
Fig. 5.1 Diagram of biofeedback arrangement. Si = hand-held 
stimulus probe; S2 = electromechanically driven 
stimulus probe. 
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some tests, these standardized stimuli were delivered singly 
to the underside of the worm's tail. 
In other tests, delivery of each standard stimuli was 
contingent upon initiation of a single touch-evoked LGF 
spike. This spike was evoked by a hand-held stimulus probe, 
consisting of 1 cm human hair attached to the end of a 
wooden applicator stick. The worm was touched at a midbody 
position lightly with the tip of the hair. This site 
is near to the anterior margin of the LGF sensory field. 
Without producing any obvious displacement of the worm, the 
touch usually evoked a single LGF spike. To couple the 
initiation of a touch-evoked spike to the delivery of the 
standard stimulus a biofeedback arrangement was used. After 
amplification, the initial LGF spike signal was 
simultaneously displayed on an oscilloscope and fed into an 
audio amplifier. The amplified signal was then used as an 
external trigger to the stimulator which delivered the 
standard stimulus to the posterior end of the worm. Delays 
between the touch-evoked spikes and the subsequent standard 
stimulus were 10, 50, and 100 ms. 
The stimulus delivery protocol in each worm (Fig. 5.1) 
involved three consecutive tests in which the standard 
stimulus (S2) was applied alone at 30 to 60 inter-test 
intervals, followed by three tests in which the standard 
stimulus was preceded by a touch-evoked LGF spike (SI), 
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resulting in the pattern (SI...32). A score of 1 or 0 was 
assigned to each test depending on whether the standard 
stimulus was successful or unsuccessful in evoking a LGF 
spike. This sequence was repeated for a total of 24 - 30 
single and paired stimuli in each worm (n=10). Despite 
repeated stimulation there was no significant change in the 
responsiveness (i.e. habituation) during the sequential 
pattern of stimuli. The percentage of successful tests for 
each of the two stimulus patterns was calculated. A paired 
t-test was used to determine whether the percentages 
differed significantly between the two stimulus patterns. 
Results 
Results from twin-pulse electrical stimulation showed 
pronounced facilitation of both MGF and LGF conduction 
velocity (Fig, 5.2). At the shortest inter-stimulus delay 
(5 ms) velocity of the second spike increased about 25%, 
while at the longest delay (200 ms) the increase was less 
than 5%. At each delay, FCV in the MGF was about 2 to 6% 
greater than in the LGF. 
To test whether the period of FCV was accompanied by 
enhanced touch sensitivity, standardized mechanosensory 
stimuli were delivered at 10, 50, and 100 ms after 
initiation of a single touch-evoked giant fiber spike. We 
3 0  
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2 0  40 60 8 0  1  0 0  1 40 160 0 120 1  8 0  200 220 
Intcrpulsc interval (mscc) 
MGF -0-- LGF 
Fig. 5.2 Facilitation of LGF and MGF conduction velocity in 
L. varieaatus (mean ± SEM). 
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restricted such testing to the LGF system for the following 
technical reasons: 
1) spontaneous crawling movements were much less frequent in 
posterior regions (i.e. LGF sensory field) as compared to 
anterior regions. Such movements greatly reduced the 
reliability with which standardized stimuli were delivered 
to anterior loci as compared to a posterior loci (Fig. 5.1); 
2) since the LGF sensory field is larger than the MGF field, 
greater spatial separation was possible between the site of 
standard stimulus (site SI; Fig. 5.1) and the site at which 
the touch-evoked spike was initiated (site S2; Fig. 5.1); 
this provided added insurance that the stimulus site for the 
first LGF spike along the LGF pathway was mechanically 
isolated from the site of the standard stimulus. 
As shown in Fig. 5.3, the probability of initiating an 
LGF spike in response to the standard stimulus was 66% if 
this stimulus was preceded, 10 ms earlier, by a single 
touch-evoked LGF spike; this was nearly twice the 
probability of generating a LGF spike in response to the 
standard stimulus alone. Paired t-test analysis indicated 
that the responses of worms to these two stimulus patterns 
were significantly different (p <0.001). A similar 
difference was evident when the delay was 50 ms (p <0.01). 
00 
Delay (msec) 
SI S1..S2 
Fig. 5.3 Effect delay time on touch sensitivity in L. 
varleaatus (mean ± SEM). 
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In contrast, with a 100 ms delay, there was no significant 
difference in the touch sensitivity of the worms (p > 0.2). 
Thus, the Sl-to-S2 intervals during which touch 
responsiveness was greatly enhanced (i.e., 10 or 50 msec) 
corresponded to a period when FCV was at least 10% (Fig. 
5.2). 
Discussion 
The preferred habitats of L. varieaatus include 
sediments of the shallow margins of lakes and ponds, where 
it can protrude its tail into the water column and up to the 
air-water interface to facilitate gas exchange (Drewes and 
Fourtner, 1989). The likely consequences of such behavior 
are (1) increased exposure to surface and subsurface 
predation, and (2) frequent encounters with innocuous 
mechanosensory stimuli (e.g., wave action, rain drops, or 
mechanical disturbances due to locomotor activities of non-
predatory co-habitants, etc.). Within this environmental 
context execution of graded, rather than all-or-none, escape 
responses seems appropriate. 
If escape responses were all-or-none and ambient 
mechanosensory stimuli were frequent, then exposed worms 
would be confronted with the counterproductive effects of 
either frequent execution of escape behavior (that might 
interrupt respiration) or frequent habituation of escape 
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behavior (that renders it less able to detect and/or respond 
to predatory attack). Graded escape, on the other hand, 
provides a means of circumventing, at least partially, these 
two counterproductive extremes. Worms may be fully and 
continually responsive to strong stimuli, that presumably 
represent a significant threat, while weaker stimuli may 
generate either a partial or no escape response. The 
problem then becomes how worms discriminate between weak 
stimuli that are innocuous or potentially threatening-
Results from the present study indicate that escape 
reflex sensitivity to weak tactile stimulation is 
transiently increased following initiation of a single LGF 
spike that, by itself, elicits no overt escape behavior. 
For example, delivery of a weak stimulus 10 ms after a 
single LGF spike reliably evokes a second LGF spike and an 
escape response, while delivery of the same stimulus 100 ms 
after a single spike usually evokes neither. This indicates 
that the temporal patterning of low-level mechanosensory 
stimuli may be a critical determinant in eliciting escape. 
However, these stimuli need not occur at the same locus, 
because a single LGF spike appears to distribute enhanced 
sensitivity to all segments in the LGF field. 
Our methods did not address the cellular mechanism(s) by 
which touch sensitivity may be transiently increased. 
However, it seems reasonable to assume that at least some of 
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the increased touch sensitivity could be directly associated 
with the phenomenon of FCV (Fig. 5.2). Since FCV is 
necessarily indicative of a transient increase in giant 
fiber electrical excitability, it seems reasonable that the 
efficacy of any excitatory raechanosensory inputs to giant 
fibers (Fig. 5.3) should also be enhanced by the 
excitability increase. 
If graded escape behavior is correlated with occupation 
of a "noisy" mechanosensory environment, then the question 
arises whether worm species that occupy "quieter" 
environments (e. g. benthic) are more likely to exhibit an 
all-or-none escape behavior. One species that occupies 
deeper, benthic regions of freshwater lakes is Branchuria 
sowerbyi. In this species a single LGF spike is sufficient 
to evoke all-or-none escape withdrawal (Zoran and Drewes, 
1987). Recent study (Turnbull, unpublished) indicates that 
there is no FCV in the Branchiura LGF system during twin-
pulse stimulation (interpulse interval = 10 msec). A more 
comprehensive testing of other freshwater oligochaetes 
species will be required to strengthen the notion of a 
consistent ecophysiological link between lifestyle, FCV, and 
enhanced touch sensitivity. 
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GENERAL CONCLUSION 
In conclusion, tolerance limits and compensatory effects 
in the performance (i.e., strains) of neural components have 
been described in the rapid escape reflex of Lumbricuius 
varieaatus and Branchiura sowerbyi. as a result of exposure 
to a few key environmental stresses: Cd, anoxia, pH, 
ammonia, and temperature. While worms exhibited a wide 
range of tolerance for stresses, sublethal effects on touch 
sensitivity, spike conduction velocity and the ability to 
generate a giant fiber-mediated muscle potential were 
evident. Touch-evoked giant fiber spikes were more 
difficult to initiate due to sublethal Cd exposure, 
sublethal ammonia exposure, cold temperatures, or pH 
extremes but touch sensitivity was apparently unaffected by 
anoxia. Giant fiber conduction velocity was reduced by 
sublethal ammonia exposure, pH extremes, or cold 
temperatures but not by anoxia. Following sublethal Cd 
exposure, sublethal ammonia exposure, pH extremes, or cold 
temperatures giant fiber spikes could be touch evoked, but 
muscle potentials and associated longitudinal shortening 
failed to be elicited. Giant fiber-mediated muscle 
potentials were apparently unaffected by anoxia. 
Another environmentally relevant parameter that was 
examined in relation to escape function, was the influence 
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of repeated stimulation. Touch-evoked spikes were easier to 
initiate when a second touch-evoked spike was preceded by an 
initial giant fiber spike. The period of enhanced touch 
sensitivity corresponded to a period of facilitated 
conduction velocity that occurred when a second touch-evoked 
spike was preceded by an initial giant fiber spike. Thus, 
the initial spike could serve to "prime" the reflex so that 
a second stimulus, which by itself would be subthreshold for 
evoking the escape reflex, is sufficient to evoke escape, 
thereby enhancing predator avoidance. 
While this study does not focus on environmental 
toxicology or the use of aquatic oligochaetes as test 
organisms in sediment toxicity, the techniques used could be 
readily applicable to such situations. The ability to 
assess the function of selected neural elements, in vivo. 
represents an unique opportunity to determine sublethal 
neurotoxic effects of environmental toxicants without the 
adverse effects associated with in vitro measurement 
techniques. This approach may prove especially valuable 
when used in combination with standardized sediment toxicity 
assays for freshwater oligochaetes. 
This study was meant as a survey of the effects (i.e., 
strains) of certain key environmental stresses on nervous 
system performance in freshwater oligochaetes. Further work 
is needed to determine the sublethal physiological impacts 
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of stresses on other nervous system functions and other 
organ systems- Since extreme variation in any one of these 
stresses seldom occurs in nature in isolation from variation 
in other stresses, it will be important to determine whether 
combinations of stresses may yield different effects than 
those of the individual environmental stresses presented in 
this thesis. 
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